The effect of coherent rotational motion on images acquired with the ultrafast single-shot spin-echo Burst sequence has been analyzed. Previous experience has demonstrated that sample rotation during Burst experiments has the potential to cause severe image artifacts. In this paper we show that no distortions are visible when the readout gradient is parallel to the rotation axis, but that there is a very distinctive behavior for the case of the rotation axis orthogonal to the imaging plane. The mathematical expression that describes the resulting signal is presented and is used as a basis for a method of correcting the k-space data. The conditions under which undistorted images may be recovered are discussed. It is shown that there is an asymmetry, dependent on the rotation direction, in both the manifestation of the artifact and the range of angular velocities over which one can correct the images. Data from an agar gel phantom rotating at a known rate are used to show how the theory is successful at reconstructing images, with no free parameters. The range of angular velocities over which correction is possible depends on the timing parameters of the pulse sequence, but for these data was ؊0.016 < Շ 0.1 revolutions/s. Volunteer experiments have confirmed that the theory is applicable to patient motion and can correct motional distortion even when the exact rate is not known a priori. By optimizing the reconstruction to restore a known sample geometry/aspect ratio, an estimate of the rotation angular frequency is obtained with a precision of ؎10%.
INTRODUCTION
From the early days of NMR it has been clear that the NMR signal is sensitive to both random molecular motion of the nuclear spins and coherent macroscopic motion (1) . In the context of MRI, coherent motion can lead to image artifacts that seriously impair the diagnostic utility or quantitative accuracy of the data obtained (2) . In vivo applications of MRI are particularly susceptible to this kind of distortion because of the natural respiratory and cardiac rhythms, pulsatile flow of blood and cerebrospinal fluid, and involuntary motion of the subject. There is a large body of work that examines the effects of motion on the various different MRI sequences (e.g., (3, 4) ).
The use of ultrafast techniques, such as EPI (5), HASTE (6) , snapshot-FLASH (7), GRASE (8) , and spiral scan (9) , characterized by total acquisition times of less than a second, can be a satisfactory solution to the problem of motion artifacts.
Burst (10 -13) is an alternative ultrafast single-shot technique that has a number of specific advantages over the other previously mentioned sequences. These include: (i) an inherent insensitivity to magnetic susceptibility differences across the sample; (ii) low RF power deposition; (iii) low acoustic noise; (iv) less stringent system requirements (e.g., gradient rise times); (v) in-built diffusion contrast. Although Burst has a number of disadvantages, too, such as a relatively poor resolution and signal-to-noise ratio (SNR), it has considerable potential in certain niche areas, such as singleshot multislice imaging in regions where EPI can prove problematic due to susceptibility artifacts (for example, in the abdomen).
The inherent sensitivity of Burst methods to molecular diffusion (14, 15) led us to investigate how robust Burst is in the presence of macroscopic motion of the sample. This paper introduces a general formalism to explain the image artifacts induced by the sample rotation during Burst experiments and their possible correction, while further work (in progress) is looking at coherent translational motion and flow. The following issues will be addressed here:
• derivation of the general expression for the phase acquired by the spins in a sample rotating in the presence of a magnetic field gradient;
• description of the spin echo Burst sequence with an explanation of why the distortions in Burst images are different from those in images obtained with other sequences;
• application of the general expression for the phase to the special cases of a Burst experiment with the rotation axis perpendicular and parallel to the readout direction in the plane of imaging;
• explanation of the method used to correct the data;
• demonstration of the results obtained from phantom and in vivo experiments;
• discussion of the significance of the results obtained.
THEORY

General Remarks
It is well known that spins precessing in the presence of a magnetic field gradient, G(t), accumulate a phase, (t), associated with their position in the laboratory frame of reference, R(t), according to the integral ͑t͒ ϭ Ϫ ␥ ͵ 0 t G͑tЈ͒ ⅐ R͑tЈ͒ dtЈ. [1] Suppose that the sample rotates as a rigid body with an angular velocity (t). The spin's position R(t) in the laboratory frame of reference can be written (to a good approximation for t Շ 0.5 rad) in terms of its fixed position r in the body frame of reference that rotates with the sample:
[2]
Substituting this expression into Eq. [1] yields [3] i.e., the phase accumulated by the spin can be split into two components, one of which depends on the position of the spin in the sample, while the other is an extra term introduced by the rotation. We may then employ the standard k-space notation with a new term k rot ,
Here k ϭ ␥ ͐ 0 t G(tЈ)dtЈ, as expected, while k rot is found as suggested by Anderson and Gore (16) and reported in the following part of this section.
For suitably short times and/or small rotation angular velocities, we can replace ͐ 0 tЈ [(tЉ) ϫ r]dtЉ with (tЈ) ϫ r, where (tЈ) ϭ ͐ 0 tЈ (tЉ)dtЉ behaves approximately like a vector. Thus, the second term of [2] contains the vector triple product
Hence, comparing with [2] and [4] ,
and we are led to an expression for the NMR signal in the presence of rotation, S rot (k), [6] where R (R) is the spin density function in the laboratory frame and the integral is performed over the whole sample.
In the hypothesis of small angular displacements, one can assume that the spin density function does not change much passing from the laboratory to the body frame, thus R (R) Ϸ r (r). Since the element volume is the same in the two frames of reference, i.e., d
3 R ϭ d 3 r, Eq. [6] becomes
If S(k) is the signal in the absence of rotation, then
Thus, the effect of a small sample rotation in the presence of a gradient, G(t), is to shift the k-space signal, S(k), corresponding to the ideal situation of a static sample, by the amount Ϫk rot (16). Figure 1 shows the Burst sequence diagram, while Table 1 explains the meaning of the variables used. In the following development, we choose the spin-echo Burst sequence (also known as DUFIS (12) ), but with straightforward modifications; other Burst sequences may be analyzed. (In practice, our images have been acquired with the OUFIS phase modulation scheme (13) , which increases the signal-to-noise ratio of the images, but this has no implications for the analysis presented.)
The Burst Sequence
The main characteristic of the Burst sequence is the particular type of excitation: a train of n very short RF pulses is applied during a continuous gradient, along the read direction, to frequency encode the magnetization. A 180°slice-selective pulse, followed by a readout gradient of the same amplitude and duration as in the excitation period, refocuses a train of n spin echoes, one from each pulse. The phase encoding gradient is applied during the excitation too, and it is arranged to make each echo correspond to a different k-space line. A refocusing lobe determines the position of the central k-space line in the echo train.
In the hypothesis of independent pulses (linear approximation), it is possible to assume that the transverse magnetization created by each pulse experiences a read gradient of the same amplitude, but different length from that experienced by the transverse magnetization created by the other pulses. The same is true for the phase encode gradient. As is explained in the following sections, this difference in the gradient length is the source of a varying phase shift for the different lines of k-space data when sample motion occurs during data acquisition. Since only Burst-type sequences implement this gradient scheme, the motion artifacts that we analyze here are characteristic of these methods.
Rotation Axis Perpendicular to the Readout Direction in the Plane of Imaging
We shall consider first the case of a rotation whose axis is perpendicular to the imaging plane. As one might expect, this will entail considerable distortion since the object is moving along the large read gradient. Let us indicate with Z the axis of rotation, while X and Y are two orthogonal "in-plane" directions. Z is, thus, the only component of the rotation angle which is different from zero. Let us assume also that the rotation has angular frequency, , constant over the time of the experiment and that the value Z ϭ t satisfies the small angle condition described earlier. In this particular situation, the components k rot,X , k rot,Y , k rot,Z of k rot , deduced from Eq. [5] , are reduced to 
In order to apply Eq. [8] , we write G X ϭ G R (amplitude of the excitation and readout gradients) and G Y ϭ G PE (amplitude of the phase encoding gradient).
In Fig. 1 , the periods AB and CD represent, respectively, the dephasing and rephasing gradient lobes for echo j. A and B are also the starting and ending points of the first lobe of the PE gradient, as seen by the transverse magnetization that creates echo j. T ref and G ref are the length and amplitude of the phase encode lobe, applied immediately after excitation, that refocuses spins such that k Y ϭ 0 for the middle echo. The presence of the 180°refocusing pulse, midway between excitation and acquisition, inverts the phase of the spins and can be incorporated as a change in the sign of the initial gradients.
Under these assumptions, the formulae for the shifts can be written as
[10]
If n is the total number of excitation pulses, is the separation center-to-center between two successive pulses and ⌬T is the time between the end of the excitation and the beginning of the acquisition gradients, allowing slice selection to occur, then A, B, C, and D have the following expressions for the jth echo:
[11]
Note that the transverse magnetization contributing to echo j is created at point A and so t ϭ 0 here by definition. The 1 2 appears in the expression for B, C, and D because we consider times to the center of the jth echo.
Since B, C, and D depend on j, then k rot,X and k rot,Y are functions of the echo number, too. This means that the line of k-space corresponding to each acquired echo is shifted by a different amount, both along k X and k Y . We can calculate k rot,X and k rot,Y for the jth line in k-space by evaluating the formulae in [9] and [10] with the integration limits as defined in [11] . The shifts are both polynomial functions of the second order in the echo index j: [12] with the constants a X , b X , c X and a Y , b Y , c Y containing information about the gradient amplitudes and their duration (via the pulse separation ). For detailed expressions see Appendix A. Evaluating the expressions for k rot,X and k rot,Y , using parameters typical of Burst experiments (see Table 2 ) and the maximum rotation frequency in our phantom study (see Section 3), it turns out that k rot,Y , which depends on G R , is comparable to or even bigger than the separation ⌬k between k-space lines in absence of rotation, while k rot,X is negligible, being four orders of magnitude smaller than k rot,Y . This underlines the predominant role of the excitation/readout gradient in determining the observed distortions.
Burst k-Space Data in the Presence of Rotation
From the previous sections, we have seen that the signal observed in a Burst experiment with a rotating sample is a shifted version of the correct signal, according to Eq. [8] , and we have shown how to calculate what the k-space shift is. Figure 2 shows a representation of the shift along the phase encoding direction, k Y , which is the more significant. We define a function, ( j, ),
where k Y ( j) is given by
and k Y0 depends on the details of the phase encode blip, being used to position the central echo in k-space, while ⌬k Y represents the step along k Y in absence of rotation ( ϭ 0). [The negative sign in Eq. [14] is purely for presentational purposes. Because of the effect of the 180°pulse, our k-space lines fill up from top to bottom (i.e., from positive k Y to negative) with increasing echo number j. We feel that it is more intuitive, however, to visualize the experiment as running from negative to positive values, so that in Fig. 2 we can "read through" the experiment from left to right. We now refer to positive and negative halves of k-space according to this new convention.] Using Eqs. [11] and [14] the function ( j, ) can be written as
and thus depends on the echo number, j, and rotation frequency, , as shown in Fig. 2 . The continuous thick line represents the case of ϭ 0, which means that the function ( j, 0) coincides with Ϫk Y ( j). The dotted lines represent ( j, ) for different rotation angular frequencies, from ϭ Ϫ0.08 revolutions per second (rps) to ϭ 0.08 rps. For Ͼ 0, the faster the rotation is, the more ( j, ) extends in the positive part of k-space, while for negative frequencies the coverage of the positive k-space is increasingly reduced until the signal is sampled only for negative values of k-space. We indicate with c a critical negative frequency, corresponding to sampling one half of k-space plus at least 1 8 of the lines of the other half, which is an oft-used minimum condition for "half-Fourier" image reconstruction (17) . Appendix B derives an expression for c and it is seen that this limiting value is dependent on the number of k-space lines acquired, n, and the sequence timing parameters, but not on the absolute value of the read gradient.
The effect of rotation is to cause the k-space lines to be either spread increasingly or compressed together. This is illustrated in Fig. 2b , where we have compared four different cases. The signal, obtained from simulated data, is plotted against ( j, ), assuming the read gradient to be orthogonal to the rotation axis.
In each case, the continuous line shows the k-space data along k Y at k X ϭ 0, for the ideal case of continuous symmetric sampling. The peak of the echo corresponds to the center of k-space. The discrete sampling points, represented by the function ( j, ), have been overplotted and compared for ϭ 0 (the sampling points are uniformly distributed around the peak of the echo); Ͼ 0 (the sampling points are increasingly separated, resulting in an undersampling of the center of the echo and a coverage of k Y , which extends to the high positive frequencies); c Ͻ Ͻ 0 (there are only a few positive k Y points because the data are sampled increasingly closer to each other, with more points than necessary at the center of the echo, but failing to sample some of the higher positive frequencies); Ͻ c Ͻ 0 (the points are squashed together in the negative part of k Y , missing completely the center and positive half of k-space).
Rotation Axis Parallel to the Readout Direction in the Plane of Imaging
When the readout gradient is parallel to the rotation axis, G X ϭ G s (slice-selection gradient) and G Y ϭ G PE or vice versa. By evaluating the expressions for k rot,X and k rot,Y in Eq.
[8], we see that the effect of rotation is negligible in this case.
k rot,X is a polynomial function of the echo number j, as previously discussed, but for typical Burst parameters it is four orders of magnitude smaller than the regular k-space grid interval, ⌬k, that we would have in absence of rotation. k rot,Y is the result of the integral ͐ 0 t G s tЈ dtЈ and so is a constant which does not depend on the echo number. The whole of k-space is shifted along k Y by the same amount, which depends on the amplitude and length of the slice-selection gradient. For the minimum slice thickness we used and a typical gradient length, k rot,Y is three orders of magnitude smaller than ⌬k.
Other cases, in which the rotation axis is neither parallel nor perpendicular to the imaging plane, can be investigated using the same methodology. However, they will not be discussed further in this paper.
PHANTOM STUDY: METHOD AND RESULTS
The theory was tested by running the SE Burst sequence, optimized using Zha and Lowe's phase modulation scheme OUFIS (13), on a SMIS 2.0-T small bore scanner. SMIS (Guildford, England) provided a device to rotate a phantom along the axis of the magnet, indicated as Z, using a motor controlled by a frequency generator. A plastic cylinder of 5 cm diameter was filled with a gelatin type A, from porcine skin (approximately 300 bloom). A small plastic cylinder was inserted into the gel to create a pattern in the image. Two sets of experiments were carried out, with the parameters as in Table  2 . The only difference was in the image orientation: in one case coronal slices were acquired, while in the other we sampled transverse slices.
Coronal orientation is obtained with the excitation/readout gradient along Z, therefore parallel to the rotation axis, while the phase encoding and slice-selection gradients are both orthogonal to the rotation axis. Transverse views are obtained with the excitation/readout gradient orthogonal to the rotation axis. In both cases, successive images were obtained at different values of , such that the small angle limit discussed earlier was adhered to (for a total imaging time of 100 ms, 0 Յ Z Յ 0.05 rad). Figure 3 shows the reference images ( ϭ 0) and three other images acquired during the sample rotation ( ϭ 0.02, 0.04, and 0.08 revolutions/s) for both orientations. As expected from the theory, no distortion is evident in the coronal images, confirming that, for small , the phase encoding and sliceselective gradients have negligible effects on the resulting rotation artifacts. The transverse images, however, do demonstrate rotation-induced artifacts, and these become increasingly evident as the rotation angular frequency increases.
The knowledge of the function ( j, ) allows us to correct the artifacts in all of the cases studied here. Image analysis was carried out with IDL (Research Systems Inc., Boulder, CO). For each experimental case, the functions ( j, ) and k Y ( j) were evaluated using the appropriate values for the gradient amplitudes and duration, the number of Burst pulses implemented, and the image orientation. The angular frequency in ( j, ) was passed by the user as a parameter either to be fixed to a known value or to be estimated (as in the volunteer study, discussed later).
The correction procedure was as follows:
• The input data were placed in a matrix S in , such that S in (i, j) corresponded to the signal acquired at k-space point (k X (i), ( j, )).
• Data were taken from each column in turn and processed separately. Thus, we had a function s i , sampled at the points ( j, ). This function was interpolated to find its values at the points k Y ( j). Note that, for Ͼ 0, this involved "throwing away" the data for ( j, ) Ͼ k Ymax . For Ͻ 0, the high positive spatial frequencies were not acquired and it was necessary to zero-fill the output array.
• The interpolated data were then inserted into an output array S out (i, j), which was then Fourier transformed as normal to obtain the corrected image.
In the Discussion below, we comment in more detail on the performance of this method.
For the phantom study, the measured values of were used and so no free parameters were needed during the data processing. Figure 3 shows both the original and the processed images displayed one above the other. It can readily be seen that the gross geometric distortion of the images has been well corrected and that in the case of the ϭ 0.08 rps images there are other artifacts (particularly at the top and bottom rims) that have been successfully removed. Notice how the varying position of the circular black marker through the sequence of images shows that we are indeed seeing the sample at different points on the cycle as it moves around.
VOLUNTEER STUDY: METHOD AND RESULTS
In the previous section we have shown that knowing the function ( j, ) allows the recovery of undistorted images when the rotation frequency is known. The question arises of how to correct the data when performing in vivo experiments where involuntary subject motion occurs. [In practice, such motions may not be the pure rotations to which we restrict ourselves in this section; we treat other cases in the Discussion below.]
A volunteer experiment was performed in which head images were acquired using a spin-echo Burst sequence on a 1.5-T Siemens Vision whole-body system. The volunteer controlled approximately the rotation speed and direction, being asked to turn his head either to the right or to the left and either slowly or rapidly. Both sagittal (rotation axis in the plane of the image) and transverse (rotation axis perpendicular to the imaging plane) images were acquired.
As expected the sagittal images (data not shown) demonstrated no distortion, but the rotation was evident from a changed position of the head in the images. Figure 4 shows the results from the transverse scans. Three images are displayed, corresponding to the three different k-space sampling situations of Fig. 2 , together with a reference image ( ϭ 0), in which the volunteer remained stationary in the scanner. As before, the images were corrected, but in this case, the true angular velocity of rotation was unknown and estimates were used. The function ( j, ) was evaluated for a variety of values of and a trial reconstruction performed for each. We selected the rotation frequency that best reproduced the aspect ratio of the reference scan. The processed images are shown below the distorted images. It is evident that in two of the three   FIG. 3 . SE Burst images of a gelatine phantom, acquired on a 2.0-T small-bore horizontal SMIS system. Transverse (top) and coronal (bottom) views are shown for different rotation frequencies: ϭ 0, 0.02, 0.04, 0.08 rps. For the coronal images the read gradient was parallel to the rotation axes and was not contributing to k rot,X and k rot,Y . Since the phase encoding has a small amplitude and the slice-select gradient is short, their contributions to the distortion are negligible. As expected, none of the images shows artifacts compared with the reference scan ( ϭ 0). For the transverse slice, the read gradient was perpendicular to the rotation axis and the images show artifacts increasing with the rotation frequency. Below each transverse distorted image we have displayed the corresponding corrected one, obtained by Fourier transforming the data after reinterpolating it as described in the text. The only difference between scans is the position of the plastic tube in the gel which was inserted in the sample at an angle. Because the experiments were not triggered, the shots were acquired at different points of the rotation cycle.
cases, a successful correction is achieved, but in the case where Ͻ c , it has not proved possible to correct the data. In the latter case, we see edge enhancements reminiscent of images that have been high-pass filtered and the origins of this effect are described further below.
DISCUSSION
During "conventional" experiments, such as spin echo and gradient echo, where the pulse sequence is repeated for each PE step, with the read and slice-selective gradients the same at each repetition, all lines of the k-space are affected in a similar way by a constant motion of the sample. By contrast, "fast" sequences that acquire all the lines in k-space in a single shot will suffer from a different phase shift for each k-space line. In the case of EPI, this phase shift is, in fact, relatively small, because the gradients oscillate rapidly and the phase accumulations tend to cancel out. This leads to a low sensitivity to motion. In the case of Burst, however, the excitation and read gradients have a constant sign, leading to rapidly increasing rotation-induced phase shifts. This is the origin of the characteristic distortion observed. Another low flip angle fast imaging technique, RUFIS (18, 19) , overcomes this problem by sampling an FID immediately after each excitation, leaving little time for the phase accumulation, and thus exhibits much smaller rotation artifacts than Burst.
The phantom data confirm that it is possible to recover Burst images satisfactorily by employing the theory that we have developed. An a priori known rotation angular frequency was used to remap the nonuniformly spaced lines onto a k-space grid suitable for use with a fast Fourier transform. In vivo data, for which the rotation rate was unknown, were processed using a guess value for . The accurate knowledge of the anatomical details and dimensions was thus important for the outcome of the correction. The optimum rotation frequency was estimated to a precision of 10%, this figure being obtained by considering the rate of change in the corrected image dimensions as the trial value of was changed. However, with no independent means of measuring the angular velocity, we are unable to comment on the accuracy of the method. A modification of the Burst sequence to include a navigator echoes may be a feasible method of "building into" the sequence a way of deducing .
When the sample is rotating with a positive angular frequency, the data are acquired further into the positive half of k-space. The separation between adjacent k-space lines increases accordingly and this leads to the apparent decrease of the field-of-view (FOV) in the phase encoding direction, i.e., the vertical stretching in the uncorrected images of Figs. 3 and 4. This is not a simple stretching distortion, however, since the gap between adjacent k Y lines is not constant.
The purpose of the current paper is to demonstrate and understand the distortion, rather than to develop an optimal correction method. Our current correction is rather crude and simply interpolates the data to the expected grid. There are two main consequences. For Ͼ 0, the extra k-space lines are thrown away and the corrected image is undersampled. There is little that can be done for the loss of k-space sampling resolution at the central spatial frequencies, but the additional positive k-space lines provide a potential means of increasing the image resolution by using an adaptive partial k-space technique.
In the case of negative angular frequency, the data are more clustered together, with the opposite effect of shrinking the image along the phase encoding direction. The distortion is as if a larger FOV, corresponding to a smaller k-space step, had been chosen. However, again, the asymmetry of the sampling in k-space means that we have more then a simple squashing of the image. The negative portion and the center of k-space are oversampled, but some of the positive higher spatial frequencies are missing altogether. Half-Fourier algorithms are strongly suggested to compensate for the asymmetric k-space sampling. The necessary data are lost completely if Ͻ c , so that the image is high-pass filtered. Notice that, where less and less genuine k-space information is incorporated in the corrected image, there will be a decrease in SNR. This will be particularly dramatic when we no longer sample the center of k-space.
In this paper we have tackled the problem of rotation during Burst. Sample translation during acquisition will also affect the data and cause characteristic artifacts. The experimental verification of the effect of translation during Burst experiments is currently underway (20) . Preliminary results are showing that, again, as expected, artifacts are significant only for the component of the translation along the read gradient. The data are modified by a nonuniform phase shift, related to the echo number, j, and the amplitude and duration of the read gradient. It is likely that correction using techniques like those above will be possible for a general rigid body motion composed of simultaneous translation and rotation. However, a limitation of the method may be our imperfect knowledge of the nature of the motion: without a priori information on the translational and angular velocities, corrections using the method above would become a matter of repeated trials, with results being evaluated on the basis of similarity to known/expected features of the image.
Two other situations are worthy of mention: nonrigid body motion and flow. The situation of nonrigid body motion is particularly complicated, with movement of the spins not describable by simple models. We suggest that image correction is likely to prove extremely difficult and probably not worth the effort. This would preclude the use of Burst in, for example, cine-cardiac imaging. (We have been able to obtain satisfactory single-shot Burst images within certain phases of the cardiac cycle, but at other points, the complexity and speed of the motion, of the order of 100-fold higher than the values studied here, make the data unrecoverable.) The case of flowing spins has also been investigated (20) . Here, there is a distribution in velocities, rather than a simple bulk translation of the spins. In standard spin-echo, phase-contrast, velocity imaging, the velocity encoding period is short enough for these velocity differences to have minimal effects. However, in Burst experiments with a very long read gradient, an echo damping factor is introduced, which is related to the velocity dispersion.
CONCLUSION
Burst is an ultrafast single-shot imaging technique that can be seriously affected by motion artifacts, because of the large read gradients applied over a relatively long time. The transverse magnetization created by each pulse evolves under an excitation/read gradient pair of a different length. When the read gradient is orthogonal to the rotation axis, the resulting k-space is mapped to an irregular grid along k Y . The artifacts are a result of naively Fourier transforming data as if it had been acquired correctly. As long as the acquired data cover a sufficient portion of k-space, the data can be corrected.
We have presented a simple model that allows images to be reconstructed even in the presence of moderate rotation. We have specified the limiting angular velocity beyond which data recovery becomes impossible. The method has been shown to work well when the rotation speed is a constant known a priori, and, as long as the sample aspect ratio is known, the correction succeeds even if is a parameter to be determined.
The rotation problem does not diminish the suitability of using Burst for fast effective scanning in the majority of cases. Burst retains all the advantages of a single-shot technique over conventional multishot experiments. An appropriate selection of the read gradient direction, coupled with suitable triggering, can reduce many of the effects of the motion, while processing using a scheme such as that described here can correct most residual motion. In this Appendix we derive the formulae describing the effect of rotation during Burst experiments. For simplicity, the gradient ramps have been ignored for the calculations of the integrals, but it would be straightforward to include them.
We first recall some basic formulae relevant to Burst imaging. The read (and excitation) gradients are related to the image resolution ⌬X by
where ⌬t is the sampling interval. For isotropic image resolution from a Burst sequence with n echoes, each of which contains n R points, and full k-space coverage (i.e., the same number of positive and negative lines), the following relations hold:
Our starting expressions for calculating the motion terms are those for k rot taken from Eq. [9] with values for A, B, C, and D substituted in from [11] .
G PE ͑t͒ t dt Notice that all the Y coefficients are negative, but for presentation reasons we use ϭ Ϫ(k Y ϩ k rot,Y ) in the main text, hence the upwardly curving lines for positive in Fig. 2 .
APPENDIX B Evaluation of c
The condition that at least For images with the parameters shown in Table 2 , we obtain: c (phantom) ϭ Ϫ0.016 revolutions/s Ϫ1 c ͑headscan͒ ϭ Ϫ0.018 revolutions/s Ϫ1 to 2 s.f. Notice that these values are dependent only on the sequence timings and, perhaps surprisingly, not on the image resolution via G R . Notice also that, for Ͼ 0, the locus of points obtained always passes through the central region of k-space (see Fig. 2 ). This means that it is possible to reconstruct images for much larger absolute values of angular velocity than ͉ c ͉ when the rotation is in the positive sense. This is evidenced by the phantom results, where we can reconstruct images for ϭ 0.08 rps without significant loss of quality.
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